ABSTRACT In this paper, we propose an optimal control policy based on time-ratio and transmission power allocation in wireless body area networks (WBANs), where the duty cycle is adopted. For the purpose of maximizing the information throughput, the whole duty cycle is divided into two states: sleep state and active state. During the sleep state, in order to transmit information from senor, the energy harvested in the sensor must exceed a certain threshold. In the active state, the process of transmitting information by the sensor will cause interference to energy harvesting. To get to a more reasonable and convictive optimization goal, we optimize the duty-cycle time-ratio of sleep and active states and transmission power in active state simultaneously in the system. The simulation results show that the information throughput is improved significantly when the proposed control policy is considered.
I. INTRODUCTION
Wireless body area network (WBAN) is one of the monitoring networks with human body as its object, in which sensor nodes record various physiological parameter information, then transmit the collected information back to access point (AP) through the communication link. WBAN is widely used in many fields, such as health monitoring, sports training and medical diagnosis, which combines with wireless sensor network (WSN), wireless communication network, life sciences, human health, and many other leading-edge applications [1] . The sensor selection problem in WBAN is considered, which is solved by sensor array synthesis algorithm via convex optimization [2] . Human body posture recognition based on WBAN is discussed in [3] . Performance analysis of reliability in wireless body area networks is introduced in [4] , which could calculate the optimal number of The associate editor coordinating the review of this manuscript and approving it for publication was Zhenyu Zhou. sensors for a given network lifetime. In view of the energy efficiency for WBAN, a posture-aware dynamic protocol is presented for maximizing lifetime [5] . An inter-network interference mitigation approach based on a power control algorithm is proposed [6] , which is especially important in emergency medical applications.
However, how to keep energy-constrained WBAN sensors alive is a key challenge for the point-to-point WBAN design since WBAN sensors are powered by batteries [7] . Although replacing or recharging the batteries can extend the life time of these sensors, it may be costly and inconvenient (e.g., for the sensors inside body). Recently, energy harvesting techniques have been identified as a potential solution to this issue in WBAN. In [8] , the energy harvesting methods harvest energy all from the environment in the past, which include solar energy, light energy and wind energy, etc. Due to the particularity of the human body area network environment, the energy source that body sensor can harvest is different. It is necessary for sensor node to equip with appropriate harvesting methods. Mishra considers different energy harvesting ways, such as radio frequency (RF) energy harvesting, motion energy harvesting and temperature variation energy harvesting [9] . A review on the topic of energy harvesting for wireless communication system has been introduced in [10] , which analyzes the development of energy management strategies. The problem of energy allocation is taken into account, which analyzes the power allocation over a finite horizon to achieve the target of improving the wireless network performance in [11] . Chang follows the view of energy efficiency to research the performance of energy harvesting communication networks under the quality of service (QoS) constraints [12] . An optimal energy harvesting management strategy is put forward through the different energy collection methods focusing on the off-line optimal strategy [13] . From the transmission strategy point of view, Luo puts forward a solution to the off-line and on-line optimal power allocation about the transmitters, respectively [14] . From the perspective of energy flow between the transmitter and the receiver, an optimization of the active time proportion and the energy flow power is proposed [15] . Important properties of the optimal save-ratio that minimizes outage probability are derived [16] , from which useful design guidelines are drawn. Recently, a relay selection protocol for energy harvesting wireless body area network with buffer is proposed in [17] . In [18] and [19] , the authors investigate the optimal performance for simultaneous wireless information and power transfer relaying network between the source and the destination.
The references mentioned above aim at putting forward the optimal energy harvesting strategies by optimizing a single performance index. However, there are two common limitations: on the one hand, most of these researches focus on WSN not but WBAN, one the other hand, they either optimizing time-ratio or optimizing transmission power in relaying network. Most of the energy harvesting technologies are applied in WSN. However, WBAN is greatly different from WSN. Thus, it is crucial to design a suitable energy harvesting protocol for point-to-point WBAN. For example, we not only manage to maximize both the transmission power and information throughput is the transmission power we managed to maximize information throughput, but also take the optimal control policy in point-to-point wireless body area network into account. In this paper, we focus on the duty cycle in a point-to-point wireless body area network, which can avoid the situation that the sensor cannot work if its instantaneous power received is not sufficient to power its circuit. To study the throughput maximization problem, we have formulated an optimization problem and proposed a two-stage method to obtain the optimal control policy. In view of the model, a comprehensive derivation is applied to obtain the optimal solution when the time-ratio and transmission power change dynamically. The simulation results definitely show the relationship of maximum throughput, the optimal time-ratio and the optimal transmission power. The throughput increases with the increase of energy conversion efficiency and energy harvesting rate. In addition, by comparing the throughput performance with benchmark method which only optimizes the time ratio, it is evident that applying this optimal control policy is effective to improve the information throughput.
The rest of this paper is organized as follows. In section II, the system model is put forward and the assumptions are introduced specifically. Section III briefly analyzes and discusses the optimal control results of the throughput maximization problem. The simulation results and related instructions are showed in section IV. Finally, Section V concludes this paper.
II. SYSTEM MODEL A. MODEL INTRODUCE AND ASSUMPTIONS
In this section, we consider a point-to-point wireless body area network where a single sensor periodically communicate the collected physiological information to an AP, and put forward an optimal control policy based on simultaneous timeratio and transmission power allocation, which is suitable for human body environment in WBAN. The system model is shown in Fig.1 , the sensor itself does not generate the energy, the energy is provided by energy harvester. Energy harvester could harvest from a variety of new-type energy harvesting ways, such as Radio Frequency energy [20] .
As shown in Fig.2 , the optimal control protocol for energy harvesting is proposed to be suitable for point-to-point WBAN considering the time distribution and transmission power at the same time. In one period, time period τ T is divided into two parts. During the sleep state t ∈ (0, τ T ), energy harvester lasts accumulating energy to provide for sensor and must exceed a fixed threshold, which is the minimum value to start the information transmission process. The threshold is called E on . In the active state t ∈ (τ T , T ), sensor starts to send the collected physiological information to AP node with transmission power P t . In the meanwhile, the energy conversion efficiency of the energy harvester declines with η ranging from 0 to 1, and harvested energy during which is expressed as E 1 .
B. INFORMATION THROUGHPUT
Because of the specific properties of WBAN channel, we have considered the unique path loss model in WBAN, parameter set in the model are also performed according to the standard. The average path loss model is applied to express the path loss between the sensor and the AP antennas as follow [21] :
The parameters of this path loss model are listed in Table 1 , where N is the path loss index, d 0 is the reference distance, P 0dB is the path loss relative to the reference distance d 0 . Then, the channel power gain can be obtained while the distance between sensor and AP is fixed. Based on harvesting technology introduced in wireless sensor networks reference [8] , we consider an RF device with power ρ t transmitting and receiving at wavelength λ at distance R from the node. The received power ρ is then described by the Friis equation as ρ = [15] , where G r and G t are the receive and transmit antenna gains, respectively. Here we study the received power ρ rather than the details of collection. Assume the power consumption of the hardware circuits is negligible. According to the transmission protocol proposed previously, the harvested energy before information transmission is started in the sleep state t ∈ (0, τ T ) which is
In the active state t ∈ (τ T , T ), the conversion process of energy harvesting will slow down because of the information transmission is underway, influenced energy conversion efficiency is denoted by η, the total acquired energy in this phase is
So the total energy which is harvested during the whole period is
During the active state, the information is transmitted from the sensor to the AP, the received signal at the AP is given by
where y is the received signal, P t is information transmission power, h is the channel power gain, x is the transmitted signal, n is noise with zero mean and variance equal to N 0 . The information transmission is assumed to occur in the active phase, so the average power provided by total harvested energy is
The normalized information throughput is denoted as follow
where |h| 2 = 10
can be calculated from (1).
III. PROBLEM FORMULATION
The information throughput is regarded as the optimization performance index, the optimization goal is to obtain the optimal transmission power P t and the optimal time-ratio τ so as to achieve the maximum information throughput. The objective optimization problem is constructed by
In the above constraint conditions, C 1 denotes that the harvesting energy E 0 in the sleep state must exceed a fixed threshold, which is denoted by E on , then the transmission process begins. C 2 represents the information transmission power P t of sensor node must be less than the average total power P h derived from the energy harvesting. C 3 demands transmission power P t must be less than the maximum power in body area network environment, otherwise the power may make harm to human body. C 4 denotes transmission power P t must be a nonnegative value.
E 0 and P h have been calculated based on (2) and (6), respectively. Substituting them into (8), the formulation is changed into following
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Comparing C 2 with
it is easy to prove dl dτ > 0, so l will increase monotonically with τ . while l = 0,τ =
Due to the variation of transmission power P t is only affected by time-ratio τ when energy harvesting rate ρ and energy conversion efficiency η is fixed, so we can discuss this maximization problem through the value of τ : 1)
ρT : it holds that
ρT < τ , under this occasion, P t ≤ P max , this optimization problem is transformed as follows:
The optimal solution to problem (10) is expressed as τ * =
E on
ρT , P * t = P max . Proof: Defining = |h| 2 /N 0 , since the expression of throughput is R = (1 − τ ) log 2 (1+P t ), the partial derivative of R to τ is dR dτ = − log 2 (1 + P t ) < 0, the partial derivative for R to P t is dR dP t = (1−τ ) (1+P ) ln 2 > 0. So R will decrease monotonically with τ increases, and will increase monotonically with P t grows. Thus the optimal solution is τ * =
ρT , P * t = P max , the maximum throughput value is given by R max = (1 − E on ρT ) log 2 (1 + P max ).
2)
ρT : The value range of P t can be divided into two parts:
1+P max /ρ−η ), and min(P max , ρ[τ/(1 − τ ) + η]) = P max while τ ∈ ( P max /ρ−η 1+P max /ρ−η , 1). Thus, this optimization problem (11) could be denoted at the bottom of the next page.
While τ ∈ ( E on ρT ,
(1 + P t ), P t is set to be maximum, the partly maximum throughput when τ ∈ ( E on ρT ,
The local optimal solution to R 1max in this piecewise interval is
Proof: Please see the appendix A.
With the variation of the partly optimal solution τ * 0 , the optimal solution and the maximum information throughput can be summarized in the next three cases:
( 
IV. SIMULATION RESULTS
This paper provides a comprehensive derivation method of calculating the maximum target throughput and the optimal values of the time-ratio and the transmission power. In this section, the practical simulation results will be provided and compared to that without acquiring optimal time-ratio and transmission power to reflect the correctness of the results intuitively. In order to maximize normalized information throughput R, a comprehensive derivation method is applied to solve the optimization problem through a derivative method with subsection interval. The optimal P t and τ are obtained ultimately through this method, and achieve the purpose of maximizing information throughput. The simulation parameters are showed in Table 2 . Fig.3(a) illustrates the influence of energy conversion efficiency η on maximizing information throughput R when energy harvesting rate ρ takes different values. It is shown that the maximum information throughput R monotonically increase when η continuously increase in the range of values on the overall trend, which is conformed to the conventional method, the available energy provided by energy harvesting will expand with energy conversion efficiency raises. No matter how optimal transmission power and time-ratio change, the trend of the corresponding maximum throughput stay rising. Fig.3(b) and 3(c) show optimal transmission power P t and optimal time-ratio τ corresponding to maximum information throughput R in Fig.3(a) . From Fig.3(b) and 3(c), larger energy conversion efficiency η results in smaller optimal P t and smaller optimal τ . This is because the larger the energy conversion efficiency, the longer the optimal time proportion in the second period of time, the shorter the optimal time-ratio of the first phase. In the meantime, the optimal P t is also influenced by harvested energy, which is determined by τ and η. The effect of τ decays faster when η increases, so the optimal P t decline. In this part, energy conversion efficiency from 0 to 0.8 is considered to discuss the influence of energy harvesting rate, the other factor will be presented in the following. Fig.4(a) illustrates the influence of energy harvesting rate ρ on maximizing information throughput R when energy conversion efficiency η takes different values. R monotonically increases when energy harvesting rate continuously increases in the range of values on the overall trend, which is influenced by value ranges of P t and τ . Fig.4(b) and 4(c) show optimal transmission power P t and optimal time-ratio τ corresponding to maximum information throughput R in Fig.4(a) . From Fig.4(b) and 4(c), larger energy conversion efficiency η results in larger optimal P t and smaller optimal τ . The optimal time-ratio grows higher, the time for information transmission by sensor node becomes longer. Besides, since the optimal transmission power is also growing, the growth
46458 VOLUME 7, 2019 of the information throughput is definite, which can conform to practice. In order to verify the correctness and effectiveness of the results, a comparison is made between the proposed algorithm and one objective method. The one objective method is used to energy harvesting wireless transmission, which only optimizes the time-ratio. The method is effective to harvest energy and transmit information in [14] . The advantages of it is more suitable for the wireless sensor network to the other method. Therefore, we add the one objective method to optimal time-ratio as a benchmark of the proposed method. The reason is that there are two common points: one is that the same transport mechanism, that is, save-then-transmit(ST) protocol. The other is that both perform the wireless transmission network. The transmitted power values are fixed as several constants, which meet the requirements of body area network. The time-ratio values are the optimal values under the corresponding transmission power values satisfying constraint condition. Fig.5 compares the information throughput with only optimization P * t versus the change of energy conversion efficiency η. In Fig.5 , the energy harvesting rate ρ is fixed to 0.4mW, it can be observed that the information throughput with optimal P * t and τ * is always larger than that without optimizing P t and τ simultaneously. Therefore, selecting optimal transmission power P * t and optimal time-ratio τ * could indeed improve the information throughput performance, which also conforms to the theoretical explanation. When the energy conversion efficiency η is gradually increasing, the information transmission time proportion (1 − τ ) obtained according to the corresponding transmission power values have improved significantly, which leads to the larger information throughput. In the whole range, selecting the optimal time-ratio τ * and transmission power P * t could obtain the optimal throughput all the while. Fig.6 compares the information throughput with only optimization P * t versus the change of energy harvesting rate ρ. In Fig.6 , energy conversion efficiency η is fixed to 0.8, the performance is consistently better by applying the strategy of simultaneous optimizing time-ratio and transmission power. Furthermore, the curves change into a horizontal line with the increase of the energy harvesting rate ρ, which is corresponding to the theoretical analysis. Because the energy conversion efficiency is 0.8, the smaller transmission power lead to the corresponding optimal time-ratio τ and more information transmission time proportion (1−τ ) during information transmission, which leads to the larger information throughput. At the same time, it can be observed that optimizing transmission power P t and time-ratio τ significantly improves the information throughput performance.
V. CONCLUSION
This work has introduced the duty cycle in a point-to-point wireless body area network, which can avoid the situation that the sensor cannot work if its instantaneous receive power is not sufficient to power its circuit. To study the throughput maximization problem, we have formulated an optimization problem and proposed a two-stage method to obtain the optimal control policy. In view of the model, a comprehensive derivation method is applied to obtain the optimal solution when the time-ratio and transmission power change dynamically. The simulation results definitely show the value of maximum throughput, the optimal time-ratio and optimal transmission power. The throughput increases with the increase of energy conversion efficiency and energy harvesting rate. In addition, by comparing the throughput performance with one objective method which only optimizes the time ratio, it is evident that applying this optimal control policy is effective to improve the information throughput.
APPENDIX A PROOF FOR (12)
The first order partial derivative of R max to τ is 
